Reduced capillary density in the myocardium of uremic rats-A stereological study. Using stereological techniques capillaries, interstitium and myocardial fibers were analyzed in perfusion-fixed hearts of subtotally nephrectomized male Sprague-Dawley rats with uremia of 14 months duration (or their sham-operated controls). Uremic rats had higher systolic blood pressure (140 20.3 mm Hg vs. 119 6.61 mm Hg) and left ventricular weight/body weight ratio (3.37 0.09 mg/kg vs. 2.01 0.12 mg/kg) than controls, and had slight anemia (Hct 35.0 3.16% vs. 40.4 3.3%). Length density (Lv) of capillaries, that is, capillary length per unit myocardial volume, was significantly (P < 0.001) decreased in uremia (2485 264 mm/mm3 vs. 3329 194 mm/mm3) versus controls. In parallel, surface density and volume density of the capillary lumina were also reduced (7.95 1.69 cm3/cm3
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0.12 mg/kg) than controls, and had slight anemia (Hct 35.0 3.16% vs. 40. 4 3.3%). Length density (Lv) of capillaries, that is, capillary length per unit myocardial volume, was significantly (P < 0.001) decreased in uremia (2485 264 mm/mm3 vs. 3329 194 mm/mm3) versus controls. In parallel, surface density and volume density of the capillary lumina were also reduced (7.95 1.69 cm3/cm3 vs. 11.4 1.8 cm3/cm3) in the uremic rats. We conclude that in experimental uremia, cardiac hypertrophy is not accompanied by a commensurate increase in capillaries.
Cardiac problems are a major cause of morbidity and mortality in the uremic patient [1, 2] . One striking clinical observation is that at least 30% of patients on dialysis who complain of angina pectoris fail to have coronary lesions on angiography [3] . It has been proposed that this is explained by microcirculatory disturbances caused by functional and/or structural abnormalities in the capillary bed of the heart.
To further address this issue we examined capillaries in the myocardium of chronically uremic rats, using stereological techniques. Uremic animals were compared with sham operated, weight-matched control animals.
© 1992 by the International Society of Nephrology sham operation (decapsulation of the kidney), taking special care that the adrenals were not damaged. Those animals operated on at the same time will later be referred to as concurrent controls. Since at the end of the 14 month period of uremia control animals were heavier than uremic animals, an additional control group of male Sprague-Dawley rats was examined, the body weight of which was comparable to that of the uremic animals (later referred to as weight matched controls).
Blood pressure was monitored by tail plethysmography in light ether anesthesia. Blood samples were taken at regular intervals. Na, K, Hb and Hct were determined using an Autoanalyzer technique. Plasma renin activity (PRA) was measured using test kit renin-MAIA (Serono Diagnostica Co.
Freiburg. Germany). The experiment was terminated 14 months after subtotal nephrectomy.
Morphological techniques Sample preparation. At the end of the experiment, the heart was fixed by retrograde perfusion at a pressure of 110 mm Hg [5] . Immediately after perfusion fixation the hearts were weighed. After separation of right ventricle and preparation of papillary muscle, each ventricle was weighed separately.
Afterwards, all left ventricular papillary muscles were randomly cut into 200 m slices either longitudinally or transversely with a tissue sectioner [6, 7] . Five transversely cut slices and two longitudinally cut slices were randomly selected for stereology. The tip of the papillary muscle (1 mm) was discarded to avoid inclusion of the chordae tendineae. All specimens were postfixed in ice-cold 3% glutaraldehyde for 24 hours, followed by 1% 0s04 for 30 minutes at room temperature and dehydration in ethanol before embedding in Epon-Araldite. Semithin sections (1 m) were stained with methylene blue and basic fuchsin [8] and were examined by light microscopy using oil immersion and phase contrast. Ultrathin sections were stained with uranyl acetate/lead citrate and examined with a Zeiss EM 10 electron microscope (Zeiss, Oberkochen, Germany).
Quantitative stereology-Marhematical model. Five transverse and two longitudinal sections of the papillary muscle were used for analysis by light and electronmicroscopy, respectively.
Volume densities (V), that is, volume of the structure under study (cm3) per unit tissue volume (cm3), were assessed by point counting [91.
1080 Amann ci a!: Cardiac hypertrophy in uremic rats [5] and Mattfeldt and Mall [7] , respectively. Anisotropy, that is, lack of homogeneous orientation of capillaries in space, was corrected [5, 9, 10] . Sampling technique for stereological evaluation. The stereological sampling was performed using a multistage sampling procedure.
Stage 1 (magnification 1000:1, light microscopy) Five transverse and two longitudinal semithin sections per animal were evaluated. Eight test areas per section (57600 m2) were analyzed with a Zeiss eyepiece containing 100 points and 10 lines (total length: 900 .cm). Test areas were obtained by systematic subsampling. The points were used for point counting, and the test lines to obtain intersections with the capillary profile boundaries. The latter were used to estimate the boundary length of capillaries per unit sectional area (BA). Total number of interstitial cell nuclei, total interstitial tissue and myocardial cells were derived from counts using transverse sections; L and Si,, of capillaries were derived from counts using transverse and longitudinal sections. The reference volume was the total volume of the left ventricular papillary muscle.
The number of profiles per unit transverse sectional area [QA (a = 0)] and the number of profiles per unit longitudinal sectional area [QA (a = IT/2)J were measured according to Mattfeldt and Mall [7] . The QA (a = 0) values were multiplied by a coefficient c1 (KL, a = 0) to correct for anisotropy. The coefficient is derived from the ratio of capillary counts on transverse (a = 0) and longitudinal sections (a = irI2). 
Results
Characterization of the animal model After 14 months of uremia body weight was somewhat lower in uremic animals compared with controls (Tables I and 2 ).
Uremic animals were hypertensive and had higher left ventricular weight. The values for serum creatinine and serum urea respectively were 1.1 0.3 mg/dl and 90 15 mg/dl at three months, 1.3 0.4 and 99 40 at six months and 1.4 0.51 and 105 52 at nine months.
Stereologic analysis of myocardial interstitium
The capillary length density (Lv) was significantly (P < 0.001) reduced in uremic animals as were capillary surface density (Sw) and capillary volume density (V) when compared with either concomitant or weight matched controls (Tables 3  and 4 ). Reduced capillarization was evident even from qualitative light microscopical examination (Fig. Ia, b) . The "true" interstitial volume, that is, total volume excluding myocardial cells and capillary lurnina, was significantly (P < 0.001) increased in uremic animals. Such expansion of the interstitium Uremia (N =8) P Abbreviation is: V.,, volume density (volume of interest per unit reference volume).
concerned cellular and non-cellular components alike, and volume density of interstitial cell cytoplasm was also significantly higher in uremic animals. Figure 2 documents the massive deposition of collagen in the intermyocardiocytic space. Suggestive evidence of activation of interstitial cells was provided by examining the ultrastructure of pericytes using electron microscopy. The cytoplasmic volume and the cytoplasm/ nucleus ratio of interstitial cells were significantly increased in uremic animals (Table 4 ); the increase of nuclear volume was not significant (Table 3 ). In endothelial cells the cytoplasmic volume was significantly increased in uremic animals, but the cytoplasm/nucleus ratio was not significantly different.
Stereological analysis on the ultrastructural level In cardiomyocytes volume density of mitochondria, sarcoplasm and myofibnls tended to be high, but the difference to controls was not significant.
Discussion
Our present results obtained in animals with uremia of long duration, 14 months, confirm previous studies in animals with short term uremia in which cardiac hypertrophy, interstitial myocardial fibrosis and activation of interstitial cells had been found in previous studies (9) . Uremic animals had cardiac hypertrophy, i.e. the left ventricular weight/body weight ratio was higher than in concurrent controls and even more so than in weight-matched controls. In previous studies we had concluded [11, 12] that blood pressure, at least as reflected by casual blood pressure measurements, cannot be the only determinant of left ventricular hypertrophy in experimental uremia; the same consideration may also apply to uremic patients (13) (14) (15) . The main finding of our study is the observation that capillary length density is decreased in uremic animals as is surface density of capillaries. This indicates that myocardial capillary supply is diminished. Capillary supply in uremic animals was lower when compared with controls. Although the possibility that reduced capillarization results from hypertension cannot be excluded, we believe that it is unlikely. Capillary length density in the present study was also significantly lower in uremic animals than in a historical series [16] of nonuremic animals with renovascular (Goldblatt) hypertension matched for blood pressure or left ventricular weight, respectively (data not given). Furthermore, the reduction in capillary supply of uremic animals contrasts with no change of capillary length density of hypertensive animals in the study of Tomanek, Searls and Lachenbruch [17] , that is, L 3800 270 in SHR versus 3900 440 mm/mm3 in WKY. As it is evident by comparison with the data in Table 5 , the left ventricular weight in Tomanek's study was also comparable with the present series. In a previous study [18] we had found a tendency at best for diminished capillary length density in the myocardium of severely hypertensive animals. The striking reduction of capillary supply in uremic animals underlines that in this condition reduced capillary supply cannot be solely the consequence of blood pressure 
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Abbreviations are: L, length density (length per volume); S.,, surface density (surface area per volume); V,,,, volume density (volume of interest per unit reference volume). [9, 121, indicating that cardiac interstitium is abnormal in uremia. We do not assume that generalized inhibition of capillary growth occurs in uremia. In an ongoing study [21] on animals with extensive renal ablation, we found an increase in glomerular volume. In parallel, length density of glomerular capillaries and glomerular volume increased also, indicating commensurate growth of capillaries pan passu with adaptive glomerular growth. This illustrates that diminished capillarization is not a general feature of the uremic state and is perhaps unique to the heart.
In a previous study on the hearts of rats with long-term renovascular hypertension, we noted an increase in capillary tortuosity [161. This adaption of capillary geometry would improve capillary supply. We emphasize that in our chronically uremic animals, increased tortuosity, (neoformation of obliquely running capillary branches) did not occur: C1 and k as stereological indicators of capillary anisotropy were similar in uremic animals and controls.
The relation between cardiac hypertrophy and capillary supply is complex. Whereas in cardiac hypertrophy from longstanding hypertension capillary supply tends to be somewhat reduced [5, 22, 23] , capillary supply is even increased in other models of cardiac hypertrophy, such as after thyroxin treatment and physical exercise.
Reduced capillary supply must lead to increased diffusional distances in the heart. On the one hand it is known that cardiac hypertrophy from pressure overload is associated with increased myocardial fiber cross sectional area. Although this index was not directly measured in the present study, it is plausible to assume that the same holds true in uremia. Furthermore, our data permit a calculation of the average intercapillary distance according to the formula of Henquell and Honig [241. This formula yields an average intercapillary distance of 24.0 tm in control animals and of 30.0 m in uremic animals. From both considerations, increased myocardial fiber area and increased intercapillary distance, one would anticipate thai oxygen supply of myocardial fibers is more readily compromized in uremic animals.
Upon ultrastructural analysis endothelial cells showed no qualitative structural changes, but the endothelial/capillary interface per unit volume was reduced and endothelial cell cytoplasm was increased. It appears rewarding to examine whether endothelial cell-derived mediators of microcirculatory flow, for example, endothelin and EDRF, are altered in exper. imental uremia. An imbalance between endothelin and EDRF might further contribute to compromized microcirculatory flow, In the present study we found no change in the fractional volume of interstitial cell nuclei despite the presence of interstitial fibrosis and interstitial accumulation of collagen. This further corroborates our previous conclusion [121 concerning the genesis of interstitial fibrosis. We had postulated that activation of preexistent interstitial cells (rather than mitotic events with an increase of the number of interstitial cells) play a major role.
We conclude that in uremic animals, capillary supply does not keep pace with the development of cardiac hypertrophy. To the extent that these findings in experimental animals can be extrapolated to uremic patients, the observation could provide one explanation for the clinical findings at least in some uremic patients of reduced coronary reserve and myocardial ischemia in the absence of stenosing lesions of the epicardial conduit arteries [1, 31. 
